We present measurements of branching fractions and charge asymmetries for charmless B-meson decays to three-body final states of charged pions and kaons. The analysis uses 81:8 fb ÿ1 of data collected at the 4S resonance with the BABAR detector at the SLAC PEP-II asymmetric B Factory. We measure the branching fractions BB
DOI: 10.1103/PhysRevLett.91.051801 PACS numbers: 13.25.Hw, 11.30.Er, 12.15.Hh The study of charmless hadronic B decays can make important contributions to the understanding of CP violation in the standard model, as well as to models of hadronic decays. Reference [1] proposes that the interference between various charmless decays and the c0 resonance can be used to measure the Cabibbo-Kobayashi-Maskawa (CKM) angle , while the decay B ! ÿ can be used to reduce the uncertainties in the measurement of the CKM angle [2] . We present branching fractions and charge asymmetries of P H Y S I C A L R E V I E W L E T T E R S week ending 1 AUGUST 2003 charged-B-meson decays to three-body final states of charged pions and kaons [3] , with no assumptions about intermediate resonances and with charm contributions subtracted, which allows us to set a tight bound on the charmless contribution to the measurement of [1] . Upper limits and measurements of some of these branching fractions have been obtained previously with smaller statistics [4] .
The data used in this analysis were collected at the PEP-II asymmetric e e ÿ storage ring with the BABAR detector, described in detail elsewhere [5] . The onresonance data sample consists of 88: 8 10 6 BB pairs collected at the 4S resonance during the years 1999-2002. We also use 9:6 fb ÿ1 of off-resonance data, collected 40 MeV below the 4S resonance, to characterize the backgrounds from e e ÿ annihilation into lightpairs. We assume that the 4S decays equally to neutral and charged B meson pairs.
Hadronic events are selected based on track multiplicity and event topology. Backgrounds from nonhadronic events are reduced by requiring the ratio of Fox-Wolfram moments H 2 =H 0 [6] to be less than 0.98. Candidate B decays are formed by combining three charged tracks, where each track is required to have at least 12 hits in the tracking chamber, a minimum transverse momentum of 100 MeV=c, and to be consistent with originating from the beam spot.
Signal decays are identified using two kinematic variables: (i) the difference E between the center-of-mass (CM) energy of the B candidate and s p =2, where s p is the total CM energy, and (ii) the beam-energy substituted
, where the B momentum p B and the four-momentum of the initial state (E i ; p i ) are defined in the laboratory frame. The E and m ES distributions of signal events are Gaussian with resolutions of 20 MeV and 2:7 MeV=c 2 , respectively. The typical E separation between modes that differ by substituting a kaon for a pion in the final state is 45 MeV, assuming the pion mass hypothesis.
Charged pions and kaons are identified using energy loss (dE=dx) in the silicon detector and tracking chamber and, for tracks with momenta above 700 MeV=c, the Cherenkov angle and number of photons measured by the Cherenkov detector. The efficiency of selecting kaons is approximately 80%, which includes the geometrical acceptance, while the probability of misidentifying pions as kaons is below 5%, up to a laboratory momentum of 4:0 GeV=c. Pions are required to fail both the kaon selection and an electron selection algorithm based on information from dE=dx, shower shapes in the calorimeter, and the ratio of the shower energy and track momentum.
We remove B candidates when the invariant mass of the combination of any two of its daughter tracks (of opposite charge) are within 6 of the mass of the D 0 meson or within 3 of the mass of the J= , 2S or c0 mesons [7] . Here, is 10 MeV=c 2 for D 0 , 15 MeV=c 2 for J= and 2S, and 18 MeV=c 2 for c0 . To suppress background from light-quark and charm continuum production, two event-shape variables are computed in the CM frame. The first is the cosine of the angle T between the thrust axis of the selected B candidate and the thrust axis of the rest of the event, i.e., all charged tracks and neutral particles not assigned to the B candidate. For jetlike continuum backgrounds, j cos T j is strongly peaked towards unity, while it is essentially uniform for signal events. For each signal mode we fix an upper limit on j cos T j, between 0.575 and 0.850. This rejects between 95% and 85% of the background, depending on the decay mode.
The second event-shape variable is a Fisher discriminant [8] , which is formed from the summed scalar momenta of all charged and neutral particles from the rest of the event within nine 10 -wide nested cones coaxial with the thrust axis of the B candidate. The coefficients of the Fisher discriminant are chosen to maximize the separation between signal and continuum background events and are calculated for each signal mode separately using Monte Carlo simulated signal and continuum events. A further 50% to 75% of the remaining background is rejected, depending on the decay mode, by applying selection requirements on this variable. B decay candidates passing the above selection criteria are required to lie in a signal region defined as follows: jm ES ÿ m B j < 8 MeV=c 2 and jE ÿ hEij < 60 MeV, where hEi 7 MeV is the mean value of E measured from on-resonance data for the calibration sample B ÿ ! D 0 ÿ ; D 0 ! K ÿ , and m B is the nominal mass of the charged B meson [7] . Figure 1 shows the projections of the on-resonance data in the signal region onto the E and m ES axes. Each plot shows the expected levels of continuum and BB background, where the latter is parametrized from Monte Carlo samples.
The residual continuum background level is estimated from the observed number of events in the grand sideband (GSB) region, defined to be 5:21 < m ES < 5:25 GeV=c 2 and jE ÿ hEij < 100 MeV, and extrapolating into the signal region. The shape of the m ES distribution of the background is parametrized according to the phenomenologically motivated ARGUS function [9] and is measured using off-resonance data and the upper sideband in the E variable in on-resonance data (0:10 < E < 0:25 GeV). A quadratic function is used to parametrize the E distribution of the background. The ratio of the integrals over the signal and GSB regions of the product of the E and m ES shape functions, R, gives the ratio of the number of background events in the two areas.
The branching fraction for each channel is measured over the whole Dalitz plot, which is divided into 28 28 cells of equal area 1 GeV 2 =c 4 2 to enable us to find the selection efficiency as a function of position in the Dalitz plot. Taking i to be the efficiency of reconstructing the signal in the ith bin of the Dalitz plot, determined from P H Y S I C A L R E V I E W L E T T E R S week ending 1 AUGUST 2003 VOLUME 91, NUMBER 5 051801-4 051801-4
Monte Carlo simulated events, the branching fraction for each signal mode is given by
where N 1i and N 2i are the number of events observed in the signal and GSB regions, respectively, while N x p i , n x , and n b are background contributions that are defined below. N BB is the total number of BB pairs in the data sample. No significant differences were found for the value of R (defined earlier) in different regions of the Dalitz plot, so an average value is used for all bins.
The probability of a kaon being misidentified as a pion is 20%. This means there is significant cross feed into the signal region from the decay mode that has one more kaon, which is subtracted for each bin i. This is represented by the N x p i = i term in Eq. (1) , where N x is the total number of events that is the source of the cross feed, and p i is the probability for the cross feed events to pass the selection criteria for the ith bin, which is estimated from Monte Carlo samples. The B ! K K ÿ K mode has N x 0, since it has no cross feed backgrounds. For the other decays, N x is obtained by multiplying N BB by the branching fraction of the signal mode that has a kaon substituting a pion in the final state. There is also secondorder cross feed where either two kaons are misidentified as pions (probability of 4%), or one of the pions is misidentified as a kaon (probability of 2%). This is represented by the n x term in Eq. (1).
Finally, the n b term represents the small number of other BB backgrounds that are subtracted. For all signal modes except B ! K K ÿ K , n b is obtained from the number of D 0 and D D 0 candidates whose invariant mass is beyond the 6 range. For B ! K ÿ , there is also a contribution from B ! 0 ! 0 K decays, which is estimated from the selection efficiency from Monte Carlo simulated decays, and the branching fraction quoted in Ref. [7] . By using a mixture of Monte Carlo-simulated charm and charmless decays, we found that there were no other significant BB backgrounds.
We do not divide the Dalitz plot into cells for the standard model-suppressed modes B ! K ÿ and B ! K K ÿ and instead use the average values of the signal efficiency and cross feed terms.
The branching fraction results are summarized in Table I , where the first four rows show the total number of events in the signal and GSB regions, the average signal efficiencies hi, and the values of R for each mode. The absolute efficiency variation across the Dalitz plot typically varies between 2% and 5% from hi.
Rows A and B represent the total number of events and the amount of continuum background in the signal region, corrected for efficiency. The uncertainties for row A come from the statistical errors in N 1i , while the uncertainties for row B correspond to the statistical errors in N 2i and the systematic errors from R, which arise from the limited statistics in the sideband region and offresonance data.
Row C shows the expected background from cross feed events. The first and second uncertainties of these quantities represent the systematic errors in p i and N x , respectively, except for the channel B ! K K ÿ , where the uncertainty represents the average of the p i and N x contributions. The second-order cross feed terms n x are shown in row D. Note that the n x term for B ! K ÿ is negative, which corrects for the B ! K K ÿ K cross feed into B ! K K ÿ , which in turn contributes to the cross feed background for B ! K ÿ . Rows E and F show the expected backgrounds from D 0 and 0 K decays, which include the uncertainties from the selection efficiencies and the branching fractions of the background decays [7] . The sum of these two rows gives the value of n b in Eq. (1).
Row G shows the signal yield, obtained by subtracting rows B to F from row A. The first uncertainty is the combination of the statistical errors of the number of events in the signal and GSB regions. The second uncertainty corresponds to the sum in quadrature of all the systematic errors from rows B to F. The third error is from the bin-by-bin uncertainty of the selection efficiency. This is zero for B ! K ÿ and B ! K K ÿ , where we use only the average efficiencies. The last uncertainty originates from global systematic errors in the signal efficiencies due to charged-particle tracking (0.8% per track), event-shape variable selections (1.0 to 2.5%), and from particle identification (1.4% and 1.0% per pion and kaon track, respectively).
The next row in Table I shows the branching fraction results, where the first uncertainties are from the statistical errors in the number of events, while the second uncertainties are the sum in quadrature of all systematic errors mentioned above.
The significance of each branching fraction result, under the null hypothesis, is defined as the ratio of the signal yield to the total (statistical and systematic) uncertainty of the background in the signal region. We observe significant signals for the modes B ! ÿ , B ! K ÿ , and B ! K K ÿ K and provide 90% C.L. upper limits for the other channels, using the formalism in Ref. [10] . The branching fraction of the control sample B ÿ ! D 0 ÿ ; D 0 ! K ÿ , which has the same final state as B ! K ÿ , is measured to be 190 3 10 10 ÿ6 , which agrees with the average of published measurements 201 20 10 ÿ6 [7] .
We have also measured the charge asymmetries for the modes with observed signals using a method similar to that used for the branching fraction measurements. The charge asymmetries are defined as A N ÿ ÿ N = N ÿ N , where N ÿ (N ) is the signal yield for negatively (positively) charged B candidates, as defined by row G in Table I . The normalization factor N BB cancels out in the asymmetry ratio, while the cross feed and BB background contributions cancel in the asymmetry numerator. The measured charge asymmetries are AB ! ÿ ÿ0:39 0:33 0:12, AB ! K ÿ 0:01 0:07 0:03, and AB ! K K ÿ K 0:02 0:07 0:03, where the first uncertainties are statistical and the second are systematic, which include the charge bias of the tracking and particle identification selection requirements (1%).
In summary, we have measured the branching fraction of B ! ÿ for the first time, which is smaller than that assumed in Ref. [1] , and we have also observed the channels B ! K ÿ and B ! K K ÿ K . We observed no charge asymmetries in these decays.
We are grateful for the excellent luminosity and machine conditions provided by our PEP-II colleagues and for the substantial dedicated effort from the computing organizations that support BABAR. The collaborating institutions wish to thank SLAC for its support and kind hospitality. 
